Abstract Partial hepatectomy (PH), the preferred option for selected patients with colorectal cancer liver metastases (CRCLM), is associated with 40-80 % tumor recurrence rates. Renin-angiotensin system (RAS) blockade inhibits tumor growth and has been suggested to improve liver regeneration. We documented the effect of RAS blockade on tumor growth and liver regeneration in a murine model. CRCLM induction followed by 70 % PH was performed on 78 CBA mice. Liver regeneration (days 2, 6) and CRCLM tumor load were measured by liver (and tumor) weights, percentage of CRCLM burden and tumor nodule count (days 16, 21). mRNA expression of the RAS components was characterised. Statistical analysis was performed using 2-independent sample T test or MannWhitney test (SPSS). Captopril did not impair liver regeneration. By day 21, Captopril decreased tumor burden (percentage of CRCLM in the liver) (48.7 ± 4.7 % control, 24.4 ± 6.2 Captopril; p = 0.008), tumor volume (1046.2 ± 200.2 mm 3 , 388.3 ± 150.4; p = 0.02), tumor nodule count per image field (181.1 ± 28.5, 68 ± 17.6; p = 0.005) and tumor angiogenesis (71.8 ± 6.4 vessels/ mm 2 , 43.1 ± 7.6; p = 0.015) compared to controls. Captopril enhanced tumor apoptosis (1 ± 0.2 %, 2.5 ± 0.7; p = 0.028). Liver regeneration and tumor development increased liver ACE levels. Blockade of the RAS effectively retarded CRCLM tumor growth at the late stage of tumor development within the regenerating liver without impeding liver regeneration following PH, via anti-angiogenesis and pro-tumor apoptosis. Captopril may be of therapeutic benefit in patients undergoing PH for CRCLM.
Introduction
Colorectal cancer (CRC) is the second leading cause of death across both genders worldwide. The majority of CRC-related deaths are associated with liver metastasis, which occurs in approximately 70 % of patients [1, 2] . Partial hepatectomy (PH), often combined with systemic chemotherapy, is the preferred therapeutic option for eligible patients with CRC liver metastases (CRCLM) and can offer the potential for long-term survival. However, the success of PH is limited by several factors. Firstly, PH for CRCLM is associated with a significant rate of tumor recurrence, ranging from 40 to 80 % [3] and approximately 50 % of patients with CRCLM die from disease progression [4] . Secondly, successful PH is dependent on adequate regenerative capacity of the liver to restore liver function. This may be impaired in situations of steatosis and steohepatitis commonly caused by conventional chemotherapy or other patient-dependent factors such as obesity and diabetes [5, 6] . Other targeted treatments such as the epidermal growth factor (EGF) receptor inhibitor, gefitinib, and the anti-vascular endothelial growth factor (VEGF) monoclonal antibody, bevacizumab, are also not without side effects or tumor drug resistance [7] . Therefore, novel strategies that can inhibit tumor recurrence without compromising the regeneration of the liver after resection would offer several advantages.
Local renin-angiotensin system (RAS) expression has been documented in various organs, along with its ability to regulate cellular proliferation, angiogenesis, and apoptosis, all of which are key processes in liver regeneration and tumor stimulation [8] . Studies have shown inhibition of tumor growth by RAS blockade both in vitro [9] [10] [11] and in vivo [12] [13] [14] [15] [16] [17] . Recently, Kedika et al. [18] showed that long-term use of ACE inhibitors may potentially reduce the incidence for CRC by inhibiting the development of advanced adenomatous colon polyps. In other studies, RAS blockade with ACE inhibition (ACEi) or angiotensin receptor blockers (ARBs) has been shown to promote liver regeneration in animal models [19] [20] [21] [22] . The main advantage of ACEi and ARBs over traditional cancer therapies is that they have been in clinical use as antihypertensives for the past 20 years with no severe side effects and may therefore offer a promising therapeutic strategy in the management of liver metastases following PH.
The RAS can modify liver tumor growth and affect liver regeneration [8, 23] . Several components of the RAS are expressed in primary CRC [24] and CRCLM [12] . Pharmacological blockade of various components of the RAS inhibit CRCLM tumor growth, proliferation and angiogenesis [12, 13, 17, 19, [25] [26] [27] [28] . RAS blockade has also been found to significantly enhance liver regeneration in animal models [19] [20] [21] [22] 29] . While the effects of the ACE inhibitor, Captopril, on CRCLM and on the RAS expression in tumors have been documented [12] , it is unknown whether these beneficial outcomes can be achieved in the same patient.
Based on our previously established separate mouse models of CRCLM and liver regeneration, a combined mouse model of PH and CRCLM has been developed in this study as a research tool to investigate the effect of RAS blockade on CRCLM in the regenerating liver [30] .
Methods
Experiments were performed with the approval of the Austin Health animal ethics committee. Eighty-four inbred male CBA mice, 10-12 weeks old, weighing 26-32 g, acquired from Adelaide University animal facility, South Australia were utilised in this study. All mice were housed under standard conditions of controlled temperature and humidity and exposed to a 12 hourly light/dark cycle. They were provided with a standard laboratory diet and water ad libitum.
Surgical procedure for PH and induction of CRCLM Induction of CRCLM followed by 70 % PH was performed in 76 mice. Mice undergoing surgery were anaesthetized with a mixture of ketamine at 100 mg/kg (Parke Davis, Melbourne, VIC, Australia) and Xylazine at 10 mg/kg (Bayer, Melbourne, VIC, Australia) via intraperitoneal injection. A long-acting analgesic, Carprofen (Pfizer, Melbourne, VIC, Australia) was administered at 10 mg/kg via subcutaneous injection at the time of anaesthesia. A longitudinal abdominal incision was used to expose all liver lobes and spleen. To mimic the more relevant clinical situation, CRCLM tumor induction was performed prior to 70 % PH. CRCLM was induced with the murine CRC cell line (MoCR) [13] . Briefly, 0.05 ml of MoCR cell suspension containing 2.5 9 10 5 cells was injected in the mouse spleen after which the cells circulate for 2 min prior to splenectomy. Immediately following splenectomy, 70 % PH was performed by resection of the left posterior and median liver lobes of the mouse. 4/0 silk sutures were applied across the pedicle, at the base of the lobe intended for surgical resection. The liver lobes were then excised distal to the applied suture ligation. Warm 0.9 % saline was administered into the abdominal cavity to replenish fluid losses and prevent dehydration. The abdomen and skin were then closed in layers with running 4/0 silk sutures. Animals recovered on heat pads with access to food and water. All animals were monitored daily for signs of distress, including decreased mobility, hunched posture, ruffled fur, and loss of weight according to the animal monitoring sheet approved by the Austin Health Ethics Committee. At study endpoints, mice were anaesthetized with ketamine/xylazine mixture at days 2 (N = 6), 6 (N = 11), 16 (N = 21) and 21 (N = 40) post-surgery. Six mice that did not undergo induction or surgery (normal mice) were used as baseline controls. Normal mice were anaesthetised and culled as aforementioned.
Blockade of the RAS using Captopril Captopril (pH 7) was made fresh and administered at 250 mg/kg (at a volume of 0.3 ml) daily via intraperitoneal injections using a 30 gauge needle from the day of induction until the experimental endpoints. Control mice received an equivalent volume of the saline. Mice were monitored daily for any signs of distress or poor condition.
Measurement of the percentage of liver regenerated
The regenerated liver mass was determined using an analytical balance, excluding the weight of remnant unresected liver lobes. The percentage of regenerated liver was measured by mouse liver-body-weight (LBW) ratio at day 2 and day 6. At days 16 and 21, liver regeneration was also assessed by liver volume.
Measurement of CRCLM tumor burden
At days 16 and 21, CRCLM tumor burden was determined by the percentage of liver volume taken up by tumors. Quantitative stereological assessment was performed to assess CRCLM tumor burden ( Supplementary Fig. 1 ). Every liver slice per mouse liver was processed using a standard paraffin processing protocol. Sections were cut into 1.5 mm sections in thickness using a multiple-blade fractionator. Digital images of whole liver containing tumors were captured using a Nikon Infinity 4 imaging software (Haiser RS 2 XA, SciTech, VIC, Australia). The areas of liver and tumor were digitally traced using an image analysis program (Image Pro Plus, version 5, MD, USA). Tumor burden was calculated as a total volume of tumors expressed as a percentage of total liver plus tumor volume. The mean percentage of tumor burden at the early (day 16) and late (day 21) stages of tumor growth were determined (mean ± SEM).
Quantitative reverse-transcription polymerase chain reaction (qRT-PCR) for the relative quantification of gene expression of RAS components RNA from liver and tumors was extracted (High Pure RNA Tissue Kit, Roche, Australia). cDNA synthesis was performed using the Superscript III First Strand Synthesis Kit (Invitrogen, Australia). Probes and primers for angiotensinogen, ACE, ACE2, AT1R, AT2R and the Mas receptor were designed using a software program, Primer Express, Version 1.0 (PE Applied Biosystems, USA). Primers and probes were purchased from Geneworks, Australia. All probes contained a fluorescence reporter [6-carboxytetramethylrhodamine (FAM)] at the 5 0 end and a fluorescent quencher [6-carboxytetramethylrhodamine (TAMRA)] at the 3 0 end. A commercially available predeveloped 18S control kit labeled with the fluorescent reporter dye (FAM) on the 5 0 end and the quencher (TAMRA) on the 3 0 end (PE Applied Biosystems, Australia) were used as the housekeeping gene. Probe and primer sequences are listed in Table 1 . For each plate, a negative reverse transcriptase (RT) control was added to the reaction in duplicates. qRT-PCR was performed using an ABI Prism 7700 Sequence Detector (PE Applied Biosystems). The qRT-PCR reaction took place in 25 ll volumes consisting of 12.5 ll Platinum Ò qPCR SuperMix-UDG with ROX (Invitrogen, Australia), 0.6 ll housekeeping human 18S rRNA, 1.25 ll of probes (2 lM/L) and both forward and reverse primers (10 lM/L). Each sample was run and analyzed in triplicates using between 5-100 ng of cDNA in each reaction depending on the gene being assessed. Thermal cycling was initiated with a 50°C incubation for 2 min, followed by a denaturation step of 10 min at 95°C for 15 s, and 65°C for 1 min. A multiplex comparative threshold cycle (C T ) method was used. Analysis of relative gene expression from the qRT-PCR followed standard procedures [31, 32] . The number of cycles to threshold was determined by interpolation from the fluorescence data, as described previously. The C T data generated from the real-time PCR reaction in triplicates was analysed for each well using a Microsoft Excel spreadsheet. Triplicates C T values for the target gene and endogenous control (18S rRNA) for each sample were averaged and the C T value for the endogenous control was subtracted from the target gene C T value. Target gene expression in the experimental group was normalized against the control group and the relative fold expression, 2-DC T , was determined.
Immunohistochemistry to assess cellular apoptosis and proliferation, and tumor angiogenesis Liver and tumors were fixed in 10 % neutral-buffered formalin (Sigma Aldrich, Castle Hill, NSW, Australia) at room temperature for 24 h before being stored in 70 % ethanol until further processing. Paraffin-embedded tissue sections (4 lm) (Leica RM2245, Wetzlar, Germany) were used for immunohistochemistry staining. Primary antibodies used included rabbit anti-active Caspase-3 subunit 17 antibody (0.67 lg/ml, AF835, R&D Systems), rat antimouse anti-CD34 antibody (2 lg/ml, MCA18256, Serotec) and mouse anti-Ki67 antibody (4 lg/ml, 4203-1 SP6, DKSH Australia Pty Ltd). For anti-Caspase-3 and anti-CD34 antibodies, antigen retrieval with tri-citrate buffer, pH 6, was performed. 3 % H 2 O 2 peroxidase block (SigmaAldrich, Castle Hill, NSW, Australia) was used to block endogenous peroxidases. 10 % normal goat serum (01-6201, Invitrogen, CA, USA) was applied to block sections (30 min) prior to primary antibody incubation. Slides were incubated with anti-active Caspase-3 antibody for 2 h at 37°C, whereas anti-CD34 antibody was incubated at 37°C for 1 h followed by at 4°C overnight. Anti-CD34 sections were also incubated with a linking polyclonal rabbit anti-rat biotinylated antibody (Dako Envision Plus) at 37°C for 30 min prior to the secondary antibody step. Slides were incubated with goat anti-rabbit secondary antibody (Envision?
Ò System-HRP kit) (60 min) and positive staining visualised with DAB substrate chromogen solution (Envision?
Ò System-HRP kit) (4 min). Sections were counterstained with Mayer's Haematoxylin (SigmaAldrich, Castle Hill, NSW, Australia). Sections stained with anti-Ki67 antibody were performed in a similar way with some modifications: endogenous peroxidase block with 3 % H 2 O 2 was performed prior to the antigen retrieval step (target retrieval solution pH 9, S2367, Dako Australia Limited), sections were blocked using the Ultra V block (Thermo Scientific Australia) and incubated with anti-Ki67 antibody for 2 h at 37°C.
Liver and tumor cell apoptosis and proliferation, and tumor angiogenesis quantitation Random images were taken of stained sections with a digital microscope (Nikon Coolscope II, Nikon, Japan) using X10 (angiogenesis), X20 (proliferation) and X40 (apoptosis) magnifications. 10-60 random images per sample were examined (except when the tumor size limited the number of images). Staining was assessed using ImagePro Plus software (Version 5, MD, USA). The number of positively-stained (apoptotic or proliferative) cells were quantified and expressed as a percentage of total hepatocytes/tumor cells per image field respectively. Tumor angiogenesis was assessed as tumor vessel density, which provides an indication of angiogenic potential, determined by quantitating the number of CD34 positive vessels per viable tumour area.
Statistical analysis
At study endpoints, experimental data (mean ± SEM) were assessed for normality and compared by 2-independent sample T test or non-parametric, Mann-Whitney test, as appropriate, using the Statistical Package for the Social Sciences (SPSS, Chicago, version 18). A p value of equal and/or lesser than 0.05 was deemed as statistically significant.
Results
Higher CRCLM tumor burden at the later stage of tumor development in the regenerating tumorbearing liver
In this study, we have utilised our previously established combined mouse model of CRCLM tumor development and liver regeneration [30] . At days 16 and 21, CRCLM were evident in the regenerating livers (Fig. 1) . Tumor burden (percentage of CRCLM tumor burden of the liver), total liver plus tumor volumes, tumor nodule count per image field and tumor volume alone (without liver volume) of the regenerating tumor-bearing liver were higher at day 21 than day 16 (Figs. 1, 2; Table 2 ). CRCLM tumor burden was significantly greater at day 21 when CRCLM is fully established compared to day 16 (p \ 0.001; Fig. 1 ; Table 2 ). Tumor volumes were significantly higher at the late stage of tumor development compared to the earlier phase (p = 0.022; Fig. 2 ; Table 2 ). Total liver plus tumor volume was significantly higher at the late stage of tumor growth compared to its early stage (p = 0.003; Fig. 1 ; Table 2 ).
Captopril inhibits CRCLM at the late stage of tumor development
Captopril inhibited CRCLM at the late stage of tumor development. At day 21, Captopril treatment significantly decreased CRCLM tumor burden (p = 0.008), the percentage of liver and tumor weights to body weight ratio (128.3 ± 9 % Captopril, 202.4 ± 16 control; p \ 0.01) (Fig. 1) , the number of tumor nodules per image field in the regenerating CRCLM mouse livers (p = 0.005; Fig. 2 ; Table 2 ), total liver and tumor volume (p = 0.048; Fig. 1 ; Table 2 ) and total tumor volume (p = 0.02; Fig. 2 ; Table 2 ) compared to controls. In contrast, Captopril did not significantly affect the early stages of tumor development (Figs. 1, 2) . Effects of Captopril on tumor cell apoptosis and proliferation in the regenerating liver
As Captopril significantly inhibited CRCLM at the late stage of tumor development, the percentage of tumor cell apoptosis was assessed in this study. Apoptotic cells, as assessed using an antibody against active caspase-3, were stained dark brown predominantly in the cytoplasm and peri-nucleus of cells (Fig. 3a, b) . At day 21, the percentage of tumor cells undergoing apoptosis was significantly increased by Captopril treatment (Captopril 2.5 ± 0.7 % compared to controls 1 ± 0.2; p = 0.028; Fig. 3e ). Tumor cell proliferation was measured using the anti-Ki67 antibody and proliferating cells were stained dark brown in the There was also no difference in tumor cell proliferation between the control groups at day 16 and day 21 (p = 0.747). Similarly, tumor cell proliferation was similar between the Captopril-treated liver groups at day 16 and day 21 (p = 0.327) nucleus (Fig. 3c, d ). At day 21 tumor cell proliferation was not altered by captopril treatment (Captopril 69 ± 6.3 %, control 73.2 ± 3.6; p = 0.575; Fig. 3f ). As expected from our findings, Captopril did not alter tumor cell proliferation compared to controls at day 16 (68.2 ± 5.9, 65.9 ± 2.8; p = 0.696; Fig. 3f ). There was no difference in tumor cells undergoing proliferation between the early and late phases of tumor development (day 16 and day 21) in either control or treated groups (control, p = 0.747; Captopril, p = 0.327; Fig. 3f ).
Captopril decreased tumor angiogenesis at the late stage of tumor growth
Tumor vessels stained positive with anti-CD34 antibody at days 16 and 21 in both the control and Captopril-treated tumors (Fig. 4a) . Captopril did not significantly alter tumor angiogenesis at day 16 (p = 0.401; Fig. 4b ). However, at day 21, Captopril-treated tumors showed significantly decreased tumor angiogenesis compared to controls (Captopril 43.1 ± 7.6 number of tumor vessels/mm 2 tumor area, Control 71.8 ± 6.4; p = 0.015; Fig. 4b ).
Captopril did not impede liver regeneration in the tumor-bearing liver
The percentage of regenerated liver at day 2 (52.9 ± 1.3 %, Captopril, 50.9 ± 2 control; p = 0.449) and day 6 (71.8 ± 0.9 % Captopril, 73.6 ± 1.9 control; p = 0.453) were similar between the control and treated groups (Fig. 5a ). As expected, Captopril did not affect tumorbearing liver volume compared to control at day 16 (684.8 ± 81.4 Captopril, 709.2 ± 36.2 control; p = 0.778) or day 21 (886.1 ± 65.17 mm 3 Captopril, 1044.1 ± 115.8 control; p = 0.254; Fig. 5b ). Apoptotic hepatocytes showed cytoplasmic staining (Fig. 5e) , whereas nuclei staining of proliferating hepatocytes were observed (Fig. 5g) . Both hepatocyte apoptosis and proliferation were unaltered by Captopril compared to control livers at day 21 (Fig. 5c, d) . Hepatocyte proliferation at day 16 was also Changes in the angiotensin-converting enzyme (ACE) mRNA expression levels following liver regeneration and CRCLM tumor development At day 16, liver and tumor ACE levels were unchanged by Captopril treatment, although Captopril-treated liver showed increased ACE expression compared to unresected non-tumor bearing (normal) liver (Fig. 6a) . Similarly, at day 21, Captopril appeared to have no effect on ACE expression in either the tumor or liver (Fig. 6b ) compared to the respective controls. ACE expression was increased in the control liver compared to normal liver (Fig. 6b ). There was a marked increase in ACE expression from both control and Captopril-treated tumors at day 21 compared to the surrounding liver that was not evident at day 16 ( Fig. 6b) .
Discussion
Partial hepatectomy, often combined with systemic chemotherapy, is the preferred therapeutic option for eligible patients with CRCLM and can offer the potential for longterm survival. However, the benefit of PH can be compromised by the side effects of conventional chemotherapy or other patient-dependent factors such as obesity and diabetes [5, 6] . We have previously shown that Captopril inhibits tumor development of CRCLM via anti-angiogenic actions while leaving the liver sinusoids unimpaired [13] , and that Captopril enhances liver regeneration in separate animal models [33] . This study is the first to investigate the effects of blockade of the RAS in a clinically relevant mouse model of CRCLM in the regenerating liver. Here we showed that Captopril treatment can inhibit CRCLM following PH in the regenerating liver while still allowing liver regeneration to occur unimpeded. Our data suggests that Captopril exerts its greatest effect on established tumors as only late stage (day 21) tumor growth was inhibited by treatment. The tumor-inhibitory effects of Captopril were associated with an anti-angiogenic effect with a significant reduction in tumor vessel density, and increased tumor cell apoptosis. In parallel to our findings, studies have observed decreased tumor vessel density, high proliferative index while tumor apoptosis was increased following endostatin, an anti-angiogenic, therapy [13, 34] . We and others have shown that the growth and angiogenesis of established CRCLM [13] , Lewis lung carcinoma, T241 fibrosarcoma, EOMA hemangioendothelioma and melanoma [34, 35] and human epidermoid tumor xenograft [36] were potently suppressed by RAS inhibition or anti-angiogenic therapy. Studies suggest that Captopril has the unique ability to inhibit angiogenesis by encouraging the formation of angiostatin, a potent angiogenic inhibitor [35, 37, 38] . RAS regulates VEGF-mediated angiogenesis in hepatocarcinogenesis, and that treatment with ACEi significantly inhibits hepatocarcinogenesis along with suppression of neovascularization and VEGF expression in the liver [39] .
Our current findings support other studies that have reported higher ACE mRNA expression levels in liver metastases compared to the tumor-bearing liver [12] . However, while Neo et al. [12] found that ACE expression could be altered by captopril treatment, we did not observe any significant changes in ACE with treatment. These contrasting results indicate that regeneration may regulate differences in the transcriptional control of ACE. We also found that the classical RAS pathway generally had higher expression in the liver compared to tumors, while the alternative RAS components, MasR and AT2R, were upregulated in the tumors but not in the liver (Supplementary). These results suggest that stimulation of the alternative RAS may further inhibit tumor growth when administered in conjunction with Captopril treatment.
Results from a previous study by our group showed no survival benefit in mice with CRCLM following Captopril treatment for 21 days [13] . These results suggest that, in the absence of other treatment modalities (i.e. chemotherapeutics), Captopril may need to be administered for an extended period of time to observe a survival benefit. Moreover, while Captopril inhibits tumor growth, tumors do not regress but continue to grow, albeit at a reduced rate. Therefore, it is unlikely that Captopril monotherapy would be successful in the clinic. Nevertheless, our results suggest that Captopril could be used to reduce the dose of more toxic chemotherapeutic agents following PH.
Although other therapies such as anti-EGF or anti-VEGF improved patient outcomes when administered alone, in combination with chemotherapy and PH, neither of these treatments improved patient outcomes [40] . The lack of improvement in the combination therapy may be explained by impaired liver regeneration following PH, or other side effects such as steatosis and steohepatitis commonly caused by conventional chemotherapy, which can contribute to the poor patient outcomes. We have demonstrated that Captopril inhibited CRCLM in the regenerating liver, while liver regeneration was unhindered. This is of particular importance as other anti-cancer treatments currently offered to CRCLM patients in conjunction to major PH are associated with steatosis, liver damage, compromised liver recovery and liver regeneration, which ultimately reduces the efficacy of PH as well as contributing to patient mortality [40] . In contrast, Captopril treatment did not impair liver recovery and thus could reduce CRCLM morbidity and mortality associated with insufficient liver regeneration. Once liver function has resumed, patients could then be placed on standard chemotherapies with or without ongoing Captopril treatment.
Conclusions
Our current findings suggest that Captopril treatment regresses CRCLM in the regenerating liver without impairing liver recovery following major PH. We have illustrated the potential of Captopril to enhance the beneficial effects of surgery for patients with CRCLM.
